Abstract -A pilot photovoltaic system was constructed in Kianjavato, Madagascar by a team from the University of Nebraska Engineers Without Borders-USA Student Chapter. This project represents an integrated approach to energy supply, education and natural resource conservation. The system supplies power to ten 13 W fluorescent tubes in a primary school classroom for the purpose of extending public school hours into the evening for adult education. The project was implemented in partnership with a Malagasy nongovernmental organization, the Madagascar Biodiversity Partnership. Future monitoring data will determine the outcome of the project and aid in the design of additional installations in the community.
INTRODUCTION
Almost 1.3 billion people in the developing world, representing one fifth of the world's population, do not have access to modern electricity in their homes 1 . Rural sub-Saharan Africa is ranked lowest for access to electric power at an electrification rate of 14.2% 2 . In 2009, Madagascar generated 1.35 billion kWh for use by 20.12 million people, resulting in 67.1 kWh per capita. By comparison, the United States generated over 12,000 kWh per capita the same year 2, 3, 4 . Poverty in Madagascar increased by 4 million people between 2008 and 2009 due to a combination of population growth and political turmoil 5 . A decline in both infrastructure and quality of life has resulted, severely limiting socioeconomic development. Engineers Without Borders -USA (EWB-USA) provides engineering expertise to deliver small-scale infrastructure system had previously been powered by a very costly gas generator, leaving it essentially unused.
Although solar energy seemed to be the communities' preference for providing power simply because of familiarity, EWB-NU did evaluate other alternatives for use in Kianjavato schools. Geothermal, solar, wind, biomass, pico/micro-hydroelectric, human power and diesel generators were considered. A "do nothing" alternative was also evaluated. Table I compares criteria such as constructability, operations and maintenance, quantity of power generated, ease of use and sustainability for evaluating each of these options. The criterion of immediate feasibility considered the resources available to Kianjavato and EWB-NU, such as investment, time, expertise required, and efficacy of the technology. Solar power was chosen as the preferred alternative due to a high immediate feasibility, constructability, low operating and maintenance costs, flexibility in design for demand and sustainability. Sustainability was defined by social acceptance, environmental harm, education, theft potential and scalability. Initial cost and continuity of power generation were obstacles to be further investigated by EWB-NU. pilot project could also support general adult education and give a local non-governmental organization, Madagascar Biodiversity Project (MBP), the opportunity to further promote conservation and reforestation projects with evening educational programs and meetings. MBP originates from Omaha's Henry Doorly Zoo and aided the traveling team. MBP has a permanent field station, the Kianjavato Ahmanson Field Station, located outside Ambalahosy-Sud fokontony. In addition to conducting extensive research on critically endangered lemurs in the area, MBP is actively working with the community on reforestation efforts aimed at increasing lemur habitat. In return for tree planting, the community earns credit towards PV installations by EWB-NU. MBP has also conducted educational programs in the local schools to promote conservation. In the future, ecotourism facilities could also be enhanced by access to power. In total, seven schools will have solar power for lights designed by EWB-NU and installed in partnership with the community. This paper outlines the data collection, design and installation of a solar power and lighting system installed by a team of four EWB-NU students and faculty advisors during a May 2012 implementation trip.
DATA COLLECTION
Members of EWB-NU collected technical information for the design of a PV system in preparation for a site visit during May 2011. Included was information on the dimensions and load bearing capacity of targeted school buildings, local solar radiation receipts, existing lighting and temperature levels inside and outside of the classrooms, the number of hours classrooms were in use each day, week and year, electrical loads and the availability of supplies and equipment in the region.
The exterior dimensions of each school and the potential for mounting a solar array were measured and assessed with a 100 m tape and Abney level. In general, the newer concrete block buildings with a concrete skim coat over the exterior appear to have adequate roofs and support to mount the panels. The rafters were either steel I-beams or wood and the joists are wood. The community uses many of these buildings for shelter during tropical cyclones and they appeared to have received little damage from the 2009 cyclone. The roof of the building selected for the initial installation was made of corrugated steel with steel I-beam rafters and wood joists underneath. It was noted that the panel array previously mounted by the Malagasy government was located on this same type of roof structure on a nearby building. Roof mounting required that the roof be oriented so the solar array faced north in the southern hemisphere. The Kianjavato primary school roof slopes at an angle of 6.9 degrees north, making it nearly ideal for mounting the PV array because it is close to the latitude of Kianjavato (21°S).
During the site visit in May 2011, we installed an Onset (Bourne, MA) HOBO® Weather Station with U30-NRC data logger, 2 meter tripod mounting kit, 1.2 W solar panel, wind speed and direction sensor, temperature and relative humidity sensor with solar radiation shield, tipping bucket rain gauge, and solar radiation sensor (silicon pyranometer). About once a month, these data were downloaded by a member of MBP and sent to us via email once internet access was established. After collection of the measured data, the solar insolation was found to be slightly lower than predicted by NASA (Table II) , due to the effects of local weather versus the satellitebased large area average (one-degree longitude by one-degree latitude) provided by NASA. The local data had also been extremely variable from month to month and year to year, so we chose to use the lowest measured irradiance values when calculating the required size of our system. To measure the existing lighting and temperature levels in the classrooms, we installed Hobo (UA-002-64K) light/temperature sensors from Onset. We purchased 20 of these, each with enough storage to record hourly lighting and temperature levels every hour for four months. We installed one sensor inside each of the classrooms at the Kianjavato primary school, one sensor in each of the buildings at the Kianjavato secondary school and one sensor at each of the other schools. Outside shading and temperature measurements were made with a Solar Pathfinder (Linden, TN) and the weather station, providing data on the percentage of unobstructed sky and the daily average hours of sun over the year. At the lowest point of the roof 95.2% of the solar window was un-shaded. It was noted that if the solar panels were located higher on the roof the percent shading would be even lower due to lack of trees near the building. Figure 3 shows the location of the initial solar shading measurement. According to Chef ZAP, classrooms are generally used each day from 7 am to 5 pm. School is in session during the week Monday through Friday and operates on a trimester system with breaks for Christmas and Easter. A two month break for "summer holidays" occurs during the southern hemispherical winter.
Another important objective of the May 2011 assessment trip was to ascertain the supplies and equipment availability in Madagascar. The team was able to visit two hardware stores, one electrical supply store, and two solar firms in the capital city, Antananarivo. It was encouraging to learn that most electrical supplies and solar power equipment were readily available incountry. Additionally, Sanifer Electric® carried a line of supplies from an internationally known company, Schneider Electric®. Tenesol® was chosen as the provider of solar power equipment in Antananarivo.
DESIGN OF THE SOLAR POWER SYSTEM
The primary school in Kianjavato was chosen at the pilot site in consultation with community leaders and from a technical feasibility standpoint. This school is on the road in the center of Kianjavato and the largest primary school. For security and discouragement of misuse, the PV system would be located close to Chef ZAP's home inside the Kianjavato primary school fences. Installing at this centralized location would also avoid the perception of favoritism. The Kianjavato primary school would structurally support a PV implementation as well as provide sufficient solar access. Figure 4 shows the interior of the building.
The calculations used to design this system have been taken from the Solar Energy Institute (SEI) 10 . Conservatism was employed in the choice of solar insolation values used and sizing of the system components. The design herein describes lighting requirements, load calculations, PV array sizing, batteries, the charge controller, wire sizing, structural analysis related to roof mounting and monitoring.
FIGURE 4 DURING THE INITIAL ASSESSMENT TRIP, EWB-NU MEMBERS CONSULTED WITH SCHOOL OFFICIALS INSIDE THE PILOT SITE BUILDING

Electrical Load Calculation
The amount of power required for the lighting system was calculated by determining the number of hours the system would be used and the power demands of the lights. Chef ZAP asked that
31 the system support weekday night classes, so a minimum of four hours of use per weekday were assumed.
Rural household lighting installations in Nepal have provided 25 lux for general use and 112 lux for reading 11 . In comparison, the US standard for lighting classrooms in 1918 was 37.7 to 64.5 lux, pushed towards 107.6 lux in libraries by General Electric's Edison Lamp Works 12 . EWB-NU chose 107.6 lux as its target light intensity. The Zonal Cavity method was used to find the required number of luminaries based on the characteristics of the classroom and the target light intensity 13 . This load calculation, along with weather data, guided the design of the system. For this classroom, four 32 W, 12V fluorescent tubes were selected for a total of 128 W, and a 512 Wh load per day ( Figure 5 ).
FIGURE 5 PLANNED LOCATIONS OF FLUORESCENT TUBES AND ELECTRONICS WERE CHOSEN TO MAXIMIZE LUMINANCE AND SAFETY FOR STUDENTS
PV Module Sizing and Wiring
The number and size of solar panels required was determined by the SEI specifications, input from mentors and available equipment. Two 135 W PV modules (Tenesol® TE1300) were wired in series to maximize the efficiency of the maximum power point tracking (MPPT) feature of the selected charge controller. If the panels were wired in parallel, damage to a single panel would not sacrifice the functionality of the system. However, as a pilot project, operational efficiency was favored over the risk of damage.
Batteries
Two deep cycle 12 V, 100 Ah (Virio Batterie Solaire) lead acid batteries designed for solar applications were chosen. Car batteries are known to have poor field performance with PV applications due to undersized storage applications 14 . Lead acid batteries have the added advantage of being familiar to the community in terms of maintenance, and as they are manufactured in Madagascar they can be readily recycled. The batteries are wired in parallel to ensure 12 V is maintained over the terminals, ensuring compatibility with the lights in the system. The voltage choice also provides a safer classroom environment with little potential for harmful shocks.
The battery bank was sized to provide two days of autonomy at the average daily power consumption of 512 Wh (42.7 Ah) with a discharge limit of 50% to prolong battery life. It is important to note that repeated use of the system for periods longer than four hours may result in depletion of the battery beyond the discharge limit when used in cloudy weather. A relay, discussed in the charge controller section, was incorporated to shut off power if this limit is reached, allowing use during the day or evening, but not both.
We calculated the days of absolute system autonomy and a weather-predicted depth of battery discharge. Autonomy was defined as duration of anticipated operation with zero solar input to the system. While the system was designed with two days of autonomy under maximum loading, it will actually perform for two to five days using all or half the lights, depending on the degree and frequency of cloudiness. The battery depth of discharge on a weekly usage basis (4 hours per day, 5 days per week) under different weather scenarios and loadings is shown in Figure 6 . Weather station data allowed this realistic calculation of days of system autonomy and predicted depth of battery discharge. Daily solar radiation below the conservative design criteria of 3.21 kWh 1 day -1 was considered a cloudy day, and all accumulated data points below this threshold were averaged to 2.83 kWh 1 day -1 . One standard deviation from this cloudy day average was also considered (2.15 kWh 1 day -1 ). The battery bank would be able to supply 73% more power than the estimated daily loads while still remaining above the discharge limit of our design criteria. Under normal operating conditions equal to or better than our lowest average monthly solar insolation, the battery bank will cycle at a 21% discharge rate.
International
FIGURE 6 DEPTH OF DISCHARGE ANALYSIS ENSURES THAT THE BATTERY BANK IS SUFFICIENT FOR AUTONOMOUS USE DURING CLOUDY WEATHER
Charge Controller
The chosen MPPT charge controller (Schneider Electric® Xantrex XW MPPT60) has a maximum input capacity of 60 A and 150 V from the array. It collects data and stores 30 daily logs that are converted into a monthly total, with up to 12 months stored. The controller can be used in conjunction with 12, 24, 36, 48, or 60 volt DC battery systems. It is also able to charge a lower nominal voltage battery from a higher nominal voltage array, providing flexibility for postinstallation modifications. The 60 V maximum is higher than the PV operational voltage of 44.88 V, so the controller will not become overloaded.
Additionally, the charge controller has a programmable monitoring and auxiliary power feature that can be used to ensure the battery is not over-discharged (Figure 7) . The programmable auxiliary power output of 5-13 V DC at 200 mA is used to trip a relay (Schneider Electric® 781XAXC-12D) to open the circuit when the battery is at the 50% discharge limit. The low battery trigger can be set to any reasonable voltage and the system will resume normal operation once the battery voltage surpasses the set-point. The relay is a hard cutoff, shutting down all power usage when tripped. This relay has sufficient capacity for this operation and has low (0.7 W) power dissipation. The relay was attached to a relay socket (Schneider Electric® 70-781D5-1A) allowing for easy terminal connections. 
A RELAY WAS ADDED TO THE SYSTEM TO ENSURE THAT THE BATTERIES DO NOT BECOME OVER-DISCHARGED
Wiring
The three-wire diagram for the system is shown in Figure 8 . Wire runs are minimized to reduce losses from voltage drop in addition to lowering cost. Wire sizes were computed based on safety considerations and voltage drop requirements (specifications following SEI). While wires selected were larger than required to ensure safe use of the system, they were necessary to improve efficiency and operation. All wires from the PV panels to the load center have a crosssectional area of 6mm 2 and segments from the DC load center to the lights have a cross-sectional area of 2.5mm 2 . However, when our design criteria called for a 2% voltage drop, this was cumulative for each segment in the system. For example, our design allowed a 2% loss from the PV panels to the controller in addition to the 2% lost from the controller to the battery. In actuality, the system has a 2% voltage drop from the PV panels to the load center. This is standard design practice for this type of system. Considering voltage drop through the entire system, there is a voltage drop of 5% depending on the lights being utilized. While the system may work with an increased voltage drop beyond 5%, we did not exceed this value.
The lights are wired in parallel allowing separate, modular control as well as the use of smaller gauge wires to reduce voltage drops. We feel it is important to provide as many options for lighting as possible, because electrical power is relatively new to the community. By providing flexibility in this design in the form of maximum lighting control, the users can be more active in energy conservation practices and prevention of over-discharge.
FIGURE 8 THIS THREE WIRE DIAGRAM DESCRIBES THE SPECIFIC WIRING CONNECTIONS OF THE SYSTEM
PV Array Mounting
One of the most important issues in the design of PV arrays on roofs is the structural attachment of the mounting system to the structural members. The PV array may encounter several types of loading on the roof. Primary load types include dead loads and live loads. The design of the modules and the mounting system must withstand these forces and comply with applicable building codes and standards.
Dead loads are static, the combined weight of the arrays and support structure. These are typically minimal, no more than 245-490 N/m 2 . However the loads are often transferred to the roof through the mounting devices that concentrate the array dead loads onto small surface areas or individual load-bearing members. The dead loads of our system are due to the weight of the PV modules and the support structure. The modules weight 127.4 N each for a total of 254.8 N. We assumed the weight of the mounting structure would be no more than the weight of one PV module, with a combined weight of approximately 490 N. The area over which this dead load would be situated was that of the PV modules (2.04 m 2 ). This gives a dead load of approximately 240.1 N/m 2 , which is considered to be minimal. Live loads can be large in magnitude, but are intermittent and attributed to the effects of wind and the activities of maintenance personnel. Wind loading can be assumed to be negligible if the panels are mounted at least 1.25 m away from the edge, parallel to the roof and no more than 15.25 cm above the surface 15 . The live load due to maintenance personnel was expected to be already accounted for in the design of the roof itself, as the roof was inspected after the 2009 cyclone.
These loads can significantly add to the loading conditions of a single truss, joist, rafter, decking or other roof components. The location of roof brackets or mounts depends on the
36 dimensions of the panels or sub-arrays, and may not coincide with the locations of structural members. In these cases direct attachment to the roof decking is often used, but the strength and reliability of this approach is questionable. We strongly recommend attaching mounts to the roof truss, rafter or joist rather than to the roof deck alone when high wind induced loads are anticipated. We installed the mounting structure to the wooden joists using lag bolts.
Since the roof chosen for installing the PV panels was covered with corrugated steel, two aluminum beams were attached with bolts to the structural members of the roof to help minimize the weight of the mounting structure. Two panels were designed to be attached to those beams using bolts and clamps (Figure 9 ).
FIGURE 9 A METHOD FOR MOUNTING THE PANELS WAS DEVELOPED TO ENSURE STABLE ATTACHMENT TO THE CORRUGATED METAL ROOF
System Electronics -Security and Safety
The batteries, charge controller, breakers and relay were contained within a wooden battery box built by a local carpenter in Kianjavato (Figure 10 ). Three switches were mounted on the outside of the box due to the delicate nature of the concrete skim on the interior of the building. The doors to this box have padlocks for the security and safety of the students. The battery compartment passively vents away from the classroom. This is a scalable solution to security and safety that can be employed at future sites. 
Monitoring
A monitoring system must ensure that the system is operating properly, assess performance of the components, identify faulty components and help suggest improvements to future systems 16 . Long and short term monitoring will be employed to measure the overall success of the installation. Both quantitative and qualitative metrics have been developed to accurately represent the interaction between the system and the community. Our three general metrics for success were availability of sunlight, system functionality, and benefit to the community.
We expected that sunlight would be available daily, but the extent of availability will be important to future projects. Since we decided to design conservatively around the lowest average daily solar insolation measured in 2011-2012, total power production may be underestimated when averaged over years of use. This knowledge will improve the economics, efficiency and potential capacity of future systems, so we will continue to collect data from the weather station.
Functionality monitoring will occur in real-time, and be recorded and logged to provide longterm data for optimizing new installations. Short-term metrics will be applied to daily and weekly operation. Long-term metrics will determine if system degradation is occurring. Designated school staff will observe the meters screen of the charge controller and record general cloud conditions on a daily basis. This will ensure proper functionality and demonstrate to Kianjavato primary school students the correlation between weather and energy production. The students will also become involved in these activities as they become more familiar with the equipment. In addition, the charge controller records watt-hours, amp-hours, and peak watts, and then summarizes these as averages and stores all data on a daily, monthly and lifetime basis. These can be viewed on the charge controller and manually recorded as solar intensity and temperature data. At the end of each day of use, school staff was instructed to record data from the charge controller meters in a format provided by EWB-NU. It is not likely the system will be operating under peak sun conditions at the end of the day of use, so teachers will take periodic measurements throughout the day. They will record time and date, voltage, current and power into the controller, amp hours and kilowatt hours produced during the day, "time online" (how long the system has been producing power for the day), general cloud cover estimate (a scale of 1 to 10) and voltage of the battery array. The battery will be monitored by recording voltage readings from the charge controller and confirmed by an external voltmeter measurement. As an additional way of monitoring the batteries, specific gravity will be measured yearly with a hydrometer. This activity is consistent with the EWB-USA Energy Resource Guidelines 17 . The benefit to the community will be measured both qualitatively and quantitatively. Light intensity sensors within classrooms will continue to collect data. We expect an increase in recorded light intensity by 53.8-107.6 lux during the lifetime of the system. Success will be determined by our ability to meet this goal through the analysis of long-term data. Responses by the teaching staff will constitute the qualitative aspect of our monitoring plan. Teachers will report attendance, trends in student performance and the number of hours of use the building receives by extending nightly hours. Ultimately, we will be successful if the building receives 30% more use than before installation.
IMPLEMENTATION
In the months before installation, EWB-NU constructed a prototype solar panel system in the U.S. Specifications of components were matched as closely as possible to the system to be built in Kianjavato. In doing so, we gained an understanding of the potential difficulties faced during construction in Madagascar, as well as the proper installation sequence and the tools required.
The PV solar system was constructed and installed at the primary school in Kianjavato by a team of six during May 2012. After installation was complete, teachers at the Kianjavato primary school were educated on proper operation and maintenance of the system (Figure 11 ). Neither MBP nor the community, however, were allowed to help install electrical components of the system as the team did not know each individual's level knowledge of solar power systems prior to this education session. Instead, the community assisted with the installation of the support structure on the roof, as they had experience working with corrugated metal roofs. All necessary equipment and materials were bought in Madagascar with the exception of some monitoring equipment used to assess this pilot installation. By doing so, we ensure that replacement parts can be purchased by those in Madagascar, rather than having to ship them parts from out of the country. The owner of the solar panel system, Chef ZAP, will be able to maintain and replace components in the system for years after our direct involvement has ended. This design consideration is also a requirement of EWB-USA. 
In-Country Changes to Equipment
Improvised changes to the designed system were necessary for a variety of reasons. The first change was made because Tenesol® did not have the 32 W bulbs or fixtures in stock when we arrived. The lights and fixtures that were available were 13 W fluorescent kits. Unfortunately, these came without technical specifications on number of lumens that would be emitted per bulb. We then had to assume that the amount of lumens per watt was nearly the same for both types of bulbs. Thus, ten 13 W fluorescent lights were used providing a total system wattage of 130 W instead of 128 W. The system autonomy plots have been re-calculated for due diligence and the outcome was found to be not significantly different from the results displayed in Figure 6 . Specifically, the system autonomy was considered acceptable because, even with seven consecutive days of solar insolation one standard deviation below the average cloudy day, the batteries will not discharge below 50% by the end of the week. The second change also came after meeting with personnel at Tenesol®. The planned implementation used conventional screws and bolts to mount the solar panels to the aluminum frame. The salesmen at Tenesol® introduced security bolts to us, and those were used to deter theft instead of conventional bolts for panel mounting.
The third change came after meeting with Chef ZAP. Originally the panels were to be mounted on the northern central part of the roof for easy access and less shading. However, Chef ZAP informed us of minor damage exacerbated by rainfall in this portion of the roof. But because the damage was confined to only a small area, it was decided to mount on an unaffected area higher up on the roof. EWB-NU recalculated solar shading using the Solar Pathfinder® and it was determined to be 5% (Figure 12 ). The PV array was thus mounted in the southeastern corner of the roof without delay.
FIGURE 12 A SOLAR PATHFINDER® WAS USED TO VERIFY SOLAR SHADING MEASUREMENTS ON THE PV ARRAY AFTER INSTALLATION
The fourth change was also made after meeting with Chef ZAP. For the planned implementation, the grounding rod was going to be buried off of the north western point of the building to be nearer to the circuit box, thus minimizing the amount of wire needed. Chef ZAP had concerns about theft of the copper rod from an obvious location near the school entrance. We decided instead to ground the system off of the southeastern point of the building near Chef ZAP's home so he could, in effect, guard both the solar panels and the grounding rod.
The fifth change was to mount the switches onto the battery box instead of the wall. This was a small change which resulted in a modular system electronics box design, beneficial to future projects. The final equipment list used in the implementation is shown in Table III. CONCLUSION During this pilot project, the most important lessons were learned from working within a difficult engineering setting. In-country supplies, such as lights, are not consistently available, theft prevention is essential and changes to the best design are inevitable. Building a prototype system in the U.S. prior to travel provided the necessary experience to construct during the time we had in Madagascar. The post-implementation reporting provided for knowledge transfer to future designs and implementations.
The pilot installation is considered successful from the implementation standpoint. Monitoring will confirm the utility and performance of the system. This project also represents a unique model in the dual promotion of conservation and education through humanitarian efforts. Students have learned to gather data, design and construct off-grid solar power installations as well as the challenges associated with implementations in developing countries. 
